Introduction
============

Under normal circumstances, pain is a protective reaction in the body. Pain response can lead to a series of reflexes to avoid damage ([@b1-etm-0-0-7037]). However, in neuropathic pain, due to damage or disturbance in a certain part of the reflex, such as the sensory system and central nervous system, the pain threshold is reduced, resulting in over-sensitive pain sensation caused by various stimuli, and even without any external stimulus, spontaneous pain would also be produced. This continuous intense pain causes great pressure on patients and also brings a series of stress changes to the body ([@b2-etm-0-0-7037]). The expression levels of the inflammatory cytokines TNFα and IL-1β are significantly elevated in chronic constriction injury (CCI) models, whereas TNFα is neurotoxic in the central nervous system ([@b3-etm-0-0-7037]). Neuropathic pain can be caused by a variety of factors, such as infection and spinal cord injury. Incidence of neuropathic pain is as high as 7%, but the specific pathogenesis is not yet clear, and there is currently no effective treatment ([@b4-etm-0-0-7037]).

Histone deacetylase 2 (Hdac2) is widely present in eukaryotic organisms and plays an important role in the proliferation and differentiation of cells and in the homeostasis of the body. Acetylation plays an irreplaceable role in inflammation and sensitization of chronic pain ([@b5-etm-0-0-7037]). Acetylation can open the chromatin structure, activate transcription sites, increase gene expression, and Hdac2 deacetylation can cause the polycondensation of chromatin, inhibit transcription of related genes, and promote the occurrence of neuropathic pain ([@b6-etm-0-0-7037]). Inpp5f (Sac2), namely inositol 4-phosphatase, has inositol tetra-phosphate (PI4P) as its substrate. Phosphoinositides (PIs) are metabolites produced by the phosphorylation of phosphatidylinositol at the inositol 3,4,5 positions. PIs are key regulatory phospholipids located in cell membranes, which can regulate cell signal transduction, membrane transport, cytoskeleton and lipid balance. Phosphorylation of PI4P affects the function of synaptic binding proteins which use PI4P as a substrate, thereby affecting the transport of synaptic vesicles to the synaptic active area and inhibiting the transmission of pain signals in neuropathic pain ([@b7-etm-0-0-7037],[@b8-etm-0-0-7037]).

Pregabalin can agonize γ-aminobutyric acid (GABA) receptors, thereby interrupting voltage-dependent calcium channels and inhibiting neurotransmitter release in synaptic vesicles. Pregabalin therefore does not exert anti-inflammatory effects and does not affect physiological pain ([@b9-etm-0-0-7037]). Clinically, pregabalin is often used for the treatment of pathological pain in peripheral nerves and for the adjuvant treatment of locali-zed epilepsy ([@b10-etm-0-0-7037]). This study explored the effect of pregabalin on neuropathic pain in CCI rats by measuring the expression levels of Hdac2 and Inpp5f, so as to explore its pathogenesis and provide possible targets for related drugs.

Materials and methods
=====================

### Materials

A total of 90 healthy, specific pathogen-free clean grade male Sprague-Dawley rats aged 2 months and weighing 200±20 g were provided by Shanghai Sleek Laboratory Animal Co., Ltd., Shanghai, China \[SCXK (Shanghai) 2012-0002\]. The rats were kept in cages with free access to food and water and temperature was maintained at 23°C. There was a 12/12 h light/dark cycle and humidity was 60±10%. A tactile pain measuring instrument was provided from Friends Honesty life Sciences Company Limited (Beijing, China). A tail-flick foot tester was purchased from Shanghai Yuyan Instruments Co., Ltd. (Shanghai, China). Pregabalin was provided by Shanghai Shifeng Biological Technology Co., Ltd. (Shanghai, China). A UV spectrophotometer MD1000 was purchased from Beijing Thmorgan Biotecnology Co., Ltd. (Beijing, China). TRIzol reagent was purchased from (Shanghai Mingjing Biotechnology Co., Ltd. (Shanghai, China). Reverse transcription kit was purchased from Thermo Fisher Scientific (China) Co., Ltd. (Shanghai, China). PCR kit was purchased from Beijing ComWin Biotech Co., Ltd. (Beijing, China). ELISA kit was provided by Wuhan Moshake Biotech Co., Ltd. (Wuhan, China) and Primer sequences were purchased from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China).

The study was approved by the Ethics Committee of The Fifth Hospital of Wuhan (Wuhan, China).

### Model establishment and grouping

SD rats were randomly divided into 3 groups: the treatment group, the model control group and the normal control group (30 in each group). The normal control group was treated with sham operation. The treatment and model control groups were subjected to CCI modeling based on Bennett method ([@b11-etm-0-0-7037]). Each rat was weighed and given an intraperitoneal injection of 10% chloral hydrate at a dose of 200 mg/kg for anesthesia. The surgical area was disinfected with 75% ethanol, and the skin parallel to the upper side of the femur was incised. The muscles and sciatic nerves were bluntly separated. The fork of the sciatic nerve was found and was ligated with 4-0 silk thread at 5 cm above the site (the normal control group was not ligated after separating nerves). Four ligations with an interval of 1 cm were made. Ganglion subsidence but unblocked outer membrane blood flow was the standard. Incision was closed layer by layer and the muscles and skin were sutured. Injection of penicillin at a dose of 80,000 IU was performed. Mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWL) were measured 1 week after operation. MWT decline of \>40% was regarded as a successful modeling. Modeling was successful in 28 out of 30 rats (93.33%) in the treatment group and in 27 out of 30 rats (90.00%) in the model control group. Rats in the treatment group were weighed on the 8th day after operation and pregabalin was given by gavage at a dose of 3 mg/kg. Rats in the model control group received the same volume of normal saline. MWT and TWL of the rats in the three groups were detected before and at approximately 10 am at 7, 10, 14, and 21 days after modeling. Behavioral test was completed and all rats were sacrificed by decapitation at 21 days after operation. Lumbar enlargement tissue was isolated from the lumbar spinal cord.

### MWT assay

MWT of the rats in the three groups was detected before and at approximately 10 am at 7, 10, 14, and 21 days after modeling. Rats were placed on test bench for 30 min and a pressure sensor was used to prick the middle of the forefoot of rats vertically. The stimulation was performed slowly and uniformly to avoid disturbing rats. Paw withdrawal reactions and tail flick reactions were positive reaction, and the number of grams on the electronic display screen at this time-point was MWT. The left and right paws of rats were tested alternately and measurement was performed once every 5 min and was repeated three times. The average value was calculated.

### TWL determination

TWL of the rats in three groups were detected before and at approximately 10 am at 7, 10, 14, and 21 days after modeling. The rats were placed in a plexiglass box for 15 min before the test. A halogen spotlight was used to vertically illuminate the hind paw of the rat. Leg withdrawing and reaction evading were positive reactions and the timing at this time-point was TWL. The left and right paws of the rats were tested alternately and measurement was performed once every 5 min and was repeated three times. The average value was calculated.

### Detection of inflammatory factors by ELISA

Enlarged lumbar spinal cord tissues in each group were extracted to grind and homogenize and diluted 30-fold, and the content of inflammatory factors was detected by ELISA according to the manufacturer\'s instructions of TNFα and IL-1β ELISA.

### Determination of Hdac2 and Inpp5f mRNA by RT-qPCR

Enlarged lumbar spinal cord tissues were subjected to total RNA extraction using TRIzol reagent according to the manufacturer\'s instructions. A micro-ultraviolet spectrophotometer was used to measure the concentration and purity of SYBR-Green (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and A260/A280 ratio should be between 1.8 and 2.0. Reverse transcription was performed using a 20 µl reaction system in strict accordance with the manufacturer\'s instructions. Reaction conditions were: 37°C for 45 min and 95°C for 5 min. The synthesized cDNA was performed using a 20 µl amplification system in accordance with the instructions of RT-qPCR kit. Reaction conditions were: 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec, 60°C for 20 sec and 72°C for 10 sec, and then 72°C for another 5 min. Primers used in PCR reactions were: 5′-GTGGGGCGCCCCAGGCACCA-3′ (forward) and 5′-CTCCTTAATGTCACGCACGATTTC-3′ (reverse) for β-actin; 5′-TGACATTGTGCTTGCTGTCC-3′ (forward) and 5′-CCCTCAAGTCTCCTGTTCCA-3′ (reverse) for Hdac2; 5′-GGAGGCCACTTGTGTAGAT-3′ (forward) and 5′-GGAGGCCACTTGTGTAGAT-3′ (reverse) for Inpp5f. Data were processed using 2^−∆∆Cq^ method ([@b12-etm-0-0-7037]).

### Statistical analysis

Data were processed using SPSS 19.0 (Asia Analytics Formerly SPSS China) software package. MWT and TWL values, and the content or expression of related substances were expressed as mean ± standard deviation. According to data distribution characteristics, comparisons among three or more groups were compared by analysis of variance followed by Dunnetts test as a post hoc test. Intragroup comparisons were performed by repeated measurement analysis of variance. The significance level was α=0.05.

Results
=======

### Changes in MWT of rats in each group

Before modeling, MWT values of the normal control, model control and treatment groups were 23.76±3.51, 24.65±4.73, and 24.01±3.76 g, respectively, and no significant differences were found among the three groups (P\>0.05). At 7 days after modeling, MWT values of the normal control, model control and treatment groups were 22.41±2.51, 9.34±1.42, and 9.63±1.76 g, respectively. MWT of the treatment and model control groups was lower than that of the normal control group (P\<0.05). There was no difference in the MWT between the treatment and model control groups (P\>0.05). Intragastric administration of drug was performed at 8 days after operation. On the 10th, 14th and 21st days after modeling, MWT of the treatment group was higher than that of the model control group, but lower than that of the normal control group (P\<0.05). MWT was at a relatively stable level in the normal control group at 7--21 days after operation ([Fig. 1](#f1-etm-0-0-7037){ref-type="fig"}).

### Changes in TWL of rats in each group

Before modeling, TWL values of the normal control, model control and treatment groups were 15.35±2.15, 14.68±2.52, and 15.12±2.21 g, respectively, and there was no statistical difference in TWL among the three groups (P\>0.05). At 7 days after operation, values of MWT in the normal control, model control and treatment groups were 14.25±2.01, 9.25±2.51, and 9.19±1.76 g, respectively. After operation, TWL gradually decreased in the model control group and increased gradually in the treatment group until the 21st day. Compared with the level to that at 7 days, TWL increased significantly at 21 days (P\<0.01). TWL was always shorter in the treatment group than in the normal control group ([Fig. 2](#f2-etm-0-0-7037){ref-type="fig"}).

### ELISA detection of TNFα and IL-1β

At 21 days after operation, TNFα and IL-1β contents in enlarged lumbar spinal cord tissues from each group were measured. The levels of TNFα and IL-1β in the model control and treatment groups were higher than those in the normal control group. The levels of TNFα and IL-1β in the treatment group were lower than those in the model control group (P\<0.05) ([Table I](#tI-etm-0-0-7037){ref-type="table"}).

### Determination of Hdac2 and Inpp5f mRNA by RT-qPCR

The expression of Hdac2 and Inpp5f mRNA was detected in lumbar enlargement tissues of each group at 21 days after operation. The expression level of Hdac2 in the normal control group (1.43±0.24) and treatment group (3.21±1.11) was significantly lower than that in the model control group (6.64±1.54). The expression level of Hdac2 in the treatment group was significantly higher than that in the normal control group (P\<0.05, [Fig. 3](#f3-etm-0-0-7037){ref-type="fig"}). The expression level of Inpp5f mRNA in the treatment group (0.75±0.21) and normal control group (1.37±0.26) was significantly higher than that in the model control group (0.42±0.06, P\<0.05), but the expression level of Inpp5f mRNA was lower in the treatment group than in the normal control group (P\<0.05, [Fig. 4](#f4-etm-0-0-7037){ref-type="fig"}).

Discussion
==========

Neuropathic pain is the pain sensitization resulting from nervous system injury caused by a variety of complex factors and spontaneous pain is produced, which brings great harm to both individuals and society ([@b13-etm-0-0-7037]). This disease involves a wide variety of complex neural pathways and transmitters, therefore, up to now, its pathogenesis remains unclear and there is no effective therapeutic regimen ([@b14-etm-0-0-7037]). Hdac2 is mainly expressed in post-mitotic or differentiated neurons. In addition to the actions on histones, Hdac2 can also act on non-histone proteins, such as glutamic acid decarboxylase 65, thereby inhibiting GABA function and improving neuropathic pain ([@b15-etm-0-0-7037]). The protein encoded by Inpp5f has a SAC phosphatase domain, so Inpp5f can exert SAC phosphatase activity, inhibit the conversion of PIP2 to PIP3, promote the conversion of PIP2 to PIP, and inhibit PI3K/AKT signaling pathway ([@b16-etm-0-0-7037]).

Nakatsu *et al* ([@b17-etm-0-0-7037]) found that the Sac domain of synaptojanin has Inpp5f activity, which may be related to the release of synaptic proteins that regulate neurotransmitters and their involvement in the early development of neurons. Zou *et al* ([@b18-etm-0-0-7037]) found that neurons lacking Inpp5f were able to regenerate axons more efficiently than wild-type neurons. Zhang *et al* ([@b19-etm-0-0-7037]) found that silencing of Inpp5f (Sac2) resulted in regeneration of axons and increased growth cones. Pregabalin reduces intracellular calcium concentration by inhibiting voltage-dependent calcium channels. Pregabalin can prevent excitatory neurotransmitters from acting on the postsynaptic membrane, block the production of neuropathic pain, and can effectively treat allergy of nervous system to pain as well as hypersensitivity symptoms ([@b10-etm-0-0-7037]). Damaged nerve can induce TNFα and IL-1β to express in ganglion, TNFα and IL-1β can further promote the occurrence of inflammation, and can also induce the release of excitatory neurotransmitters, resulting in sensitized nerve ([@b20-etm-0-0-7037]).

No significant differences in MWT were found among the 3 groups before modeling. At 7 days after modeling, the treatment and model control groups showed a significantly lower MWT (a reduction range of \>40%) compared with the normal control group, indicating that the modeling was successful. At 7--21 days, MWT in the normal control group was at a relatively stable level, but MWT increased in the treatment group and decreased in the model control group; but the lowest level was always observed in the normal control group, followed by the treatment group and then the model control group. The increase amplitude of MWT at 14--21 days in the treatment group decreased, indicating that pregabalin can inhibit the decrease of MWT in CCI rats, but cannot completely reverse the changes and this effect has a certain timeliness. No significant differences in TWL were found among the 3 groups before modeling. After 7 days, TWL of the model control group gradually decreased, and TWL of the treatment group gradually increased until 14 days. TWL in the treatment group was always smaller than that of the normal control group, indicating that pregabalin has an inhibitory effect on the decrease of TWL in CCI rats. At 21 days after operation, the levels of TNFα and IL-1β in lumbar enlargement tissue of the model control and treatment groups were higher than those in the normal control group, and levels of TNFα and IL-1β in the treatment group were lower than those in the model control group. It indicated that the contents of TNFα and IL-1β in rat spinal cord increased after CCI modeling, and TNFα and IL-1β may be involved in the pathogenesis of CCI. Khan *et al* ([@b21-etm-0-0-7037]) also reached the same conclusion. Although pregabalin does not exert anti-inflammatory effects, its effect on repairing nervous system damage in rats may inhibit the rise in TNFα and IL-1β levels. At 21 days, the expression of Hdac2 and Inpp5f mRNA in lumbar enlargement tissues of each group was detected. The expression level of Hdac2 in the normal control and treatment groups was lower than that in the model control group. The expression level of Hdac2 was higher in the treatment group than in the normal control group. Yuan *et al* ([@b22-etm-0-0-7037]) also found that expression level of Hdac2 increased after nerve damage. This may be because Hdac2 can inhibit GABA-mediated inhibition of the endogenous pain pathways. After modeling, the expression of Hdac2 in the model control and treatment groups increased, and the inhibition of the endogenous pain pathway was weakened, and MWT and TWL values of the rats decreased. Pubbarenin can inhibit the activity of GABA receptors to counteract the inhibitory effect of Hdac2 on GABA, and the decrease of Hdac2 expression in the treatment group also reduces the decrease amplitude of MWT and TWL. The expression level of Inpp5f mRNA in the treatment and normal control groups was significantly higher than that in the model control group (P\<0.05), but the expression level of Inpp5f mRNA in the treatment group was lower than that in the normal control group (P\<0.05). Therefore, it is suggested that the expression of Inpp5f may be involved in the pathogenesis of neuropathic pain. Zou *et al* ([@b18-etm-0-0-7037]) found that Inpp5f can inhibit the repair of spinal cord injury, but its effect on neuropathic pain is unknown. PIP2 can upregulate TRPM8 receptors in dorsal root ganglion, so as to promote pain sensitization and participate in neuropathic pain. Inpp5f dephosphorylates PIP2 into PIP, so as to inhibit the formation of hyperalgesia, and thus alleviates the decline in MWT and TWL values in the treatment group ([@b18-etm-0-0-7037]). Trivedi *et al* ([@b23-etm-0-0-7037]) found that HDAC2 acts as a transcriptional repressor and can inhibit the activity of phosphatases such as PI3K and Inpp5f.

CCI rat model used in this experiment does not fully represent the actual occurrence of neuropathic pain, and in particular, it does not represent the hyperalgesia caused by genetic mutations. Mutations of Hdac2 and Inpp5f gene caused by viral infection or other autologous diseases also result in neuropathic pain ([@b24-etm-0-0-7037]). In our study, altered expression of Hdac2 and Inpp5f and values of MWT and TWL were observed in CCI rats, while the mechanism of the role of Hdac2 and Inpp5f in neuropathic pain remains unclear, or this may be because the decrease of MWT and TWL values leads to change of Hdac2/Inpp5f expression. Moreover, Pregabalin treatment may relieve neuropathic pain through Hdac2/Inpp5f or other pathways. Therefore, more studies are still needed to answer these questions.

In summary, Hdac2/Inpp5f may modulate neuropathic pain in rats. Pregabalin may effectively relieve neuropathic pain in CCI rats, and its action may be related to Hdac2/Inpp5f. Therefore, our study may provide references for the clinical treatment of neuropathic pain.
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![MWT changes in each group. Before the modeling, there was no significant difference in MWT among the normal control, model control and treatment groups (P\>0.05). After 7 days, the treatment and model control groups showed a significantly lower MWT compared with the normal control group (P\<0.05), and there was no difference in MWT between the treatment and model control groups (P\>0.05). Intragastric administration of drug was performed at 8 days after operation. On the 10th, 14th and 21st days after modeling, MWT of the treatment group was higher than that of the model control group, but lower than that of the normal control group (P\<0.05). MWT is at a relatively stable level in the normal control group at 7--21 days after operation, but MWT increased in the treatment group and decreased in the model control group. \*P\<0.05, compared with the normal control group; ^\#^P\<0.05, compared with the model control group.](etm-17-02-1300-g00){#f1-etm-0-0-7037}

![Changes of TWL in the rats of each group. Before modeling, TWL values of the normal control, model control, and treatment groups were 14.25±2.01, 9.25±2.51, and 9.19±1.76 g, respectively, and there was no statistical difference in TWL among the three groups (P\>0.05). At 7 days after operation, TWL gradually decreased in the model control group and increased gradually in the treatment group until the 21st day. Compared with the level to that at 7 days, TWL increased significantly at 21 days (P\<0.01). TWL is always shorter in the treatment group than in the normal control group (P\<0.05). \*P\<0.05, compared with the normal control group; ^\#^P\<0.05, compared with the model control group.](etm-17-02-1300-g01){#f2-etm-0-0-7037}

![HDAC2 expression detected by RT-qPCR. At 21 days, the expression of HDAC2 and Inpp5f mRNA in lumbar enlargement tissues of each group was detected. The expression levels of HDAC2 in the normal control and treatment groups were lower than those in the model control group. The expression levels of HDAC2 in the treatment group were higher than that in the normal control group (P\<0.05). \*P\<0.05, compared with the normal control group; ^\#^P\<0.05, compared with the model control group.](etm-17-02-1300-g02){#f3-etm-0-0-7037}

![The expression of Inpp5f detected by RT-qPCR. The expression level of Inpp5f mRNA in the treatment and normal control groupa was significantly higher than that in the model control group (P\<0.05), but the expression level of Inpp5f mRNA in the treatment group was lower than that in the normal control group (P\<0.05). \*P\<0.05, compared with the normal control group; ^\#^P\<0.05, compared with the model control group.](etm-17-02-1300-g03){#f4-etm-0-0-7037}

###### 

The content of TNFα and IL-1β in enlarged lumbar spinal cord tissues at 21 days after operation.

  Groups           TNFα (pg/mg)                                                                                            IL-1β (pg/mg)
  ---------------- ------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------
  Normal control   27.42±4.75                                                                                              55.12±9.13
  Model control    54.24±7.86^[a](#tfn1-etm-0-0-7037){ref-type="table-fn"}^                                                110.86±16.31^[a](#tfn1-etm-0-0-7037){ref-type="table-fn"}^
  Treatment        39.42±6.32^[a](#tfn1-etm-0-0-7037){ref-type="table-fn"},[b](#tfn2-etm-0-0-7037){ref-type="table-fn"}^   78.82±12.42^[a](#tfn1-etm-0-0-7037){ref-type="table-fn"},[b](#tfn2-etm-0-0-7037){ref-type="table-fn"}^

P\<0.05 compared with the normal control group

P\<0.05 compared with the model control group.
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